Many dietary phytochemicals exhibit health-beneficial effects including prevention of diseases such as cancer, as well as neurological, cardiovascular, inflammatory, and metabolic diseases. Evolutionarily, herbivorous and omnivorous animals have been ingesting plants. This interaction between "animal-plant" ecosystems has resulted in an elaborate system of detoxification and defense mechanisms evolved by animals including humans. Mammalian cells, including human cells, respond to these dietary phytochemicals by "non-classical receptor sensing" mechanisms of electrophilic chemical-stress typified by "thiol-modulated" cellular signaling events primarily leading to the gene expression of pharmacologically beneficial effects, but sometimes unwanted cytotoxicity also. Our laboratory has been studying two groups of dietary phytochemical cancerchemopreventive compounds (isothiocyanates and polyphenols), which are effective in chemical-induced, as well as genetically-induced, animal carcinogenesis models. These compounds typically generate "cellular stress" and modulate gene expression of phase II detoxifying/antioxidant enzymes. Electrophiles, reactive oxygen species, and reactive nitrogen species are known to act as second messengers in the modulation of many cellular signaling pathways leading to gene expression changes and pharmacological responses. Redox-sensitive transcription factors such as nuclear factor-E2-related factor 2 (Nrf2), AP-1, NF-κB, to cite a few examples, sense and transduce changes in the cellular redox status and modulate gene expression responses to oxidative and electrophilic stresses, presumably via sulfhydryl modification of critical cysteine residues found on these proteins and/or other upstream redox-sensitive molecular targets. In the current review, we will explore dietary cancer chemopreventive phytochemicals, discuss the link between oxidative/electrophilic stresses and the redox circuitry, and consider different redox-sensitive transcription factors. We will also discuss the kelch-like erythroid Cap'n'Collar homologue-associated protein 1 (Keap1)-Nrf2 axis in redox signaling of induction of phase II detoxifying/antioxidant defense mechanisms, an important target and preventive strategy for normal cells against carcinogenesis, and the converse inhibition of cell growth/inflammatory signaling pathways that would confer therapeutic intervention in many types of cancers. Finally, we will summarize the Nrf2 paradigm in gene expression, the pharmacotoxicogenomic relevance of redox-sensitive Nrf2, and the redox regulation of cell death mechanisms.
Introduction
Many dietary phytochemicals exhibit beneficial effects to health, including the prevention of diseases such as cancer, as well as neurological, cardiovascular, inflammatory, and metabolic diseases. Evolutionarily, herbivorous and omnivorous animals have been ingesting plants. This interaction between "animal-plant" ecosystems has resulted in an elaborate system of detoxification and defense mechanisms evolved by animals including humans. The condition of stress generated by electrophiles or xenobiotics may be referred to as electrophilic stress. Mammalian cells, including human cells, respond to these dietary phytochemicals by a "non-classical receptor sensing" mechanism of electrophilic chemical-stress typified by "thiol-modulated" cellular signaling events primarily leading to the gene expression of pharmacologically beneficial effects, but sometimes unwanted cytotoxicity also. Our laboratory has been studying two groups of dietary phytochemical cancer-chemopreventive compounds (isothiocyanates and polyphenols) [1, 2] , which are effective in chemical-induced, as well as genetically-induced, animal carcinogenesis models [3, 4] . These compounds typically generate "cellular stress" and modulate gene expression of phase II detoxifying/antioxidant enzymes.
Multicellullar organisms rely on highly-organized pathways to orchestrate the many extracellular clues received by the cells and to convert them into specific physiological processes. The classical first step in this cascade of molecular events that are collectively referred to as signal transduction pathways is the specific interaction of an extracellular ligand with its receptor at the cell membrane [5] . Reactive oxygen species (ROS) and reactive nitrogen species (RNS) have been proposed as second messengers in the activation of several signaling pathways leading to mitogenesis or apoptosis [5] . The effective transmission of information requires specificity, and how ROS signaling occurs with specificity and without oxidative damage remains poorly understood [6] . In addition, gene expression responses to oxidative stress are necessary to ensure cell survival and are largely attributed to specific redox-sensitive transcription factors [7] . Redox-sensitive cysteine residues are known to sense and transduce changes in cellular redox status caused by the generation of ROS and the presence of oxidized thiols [8] . Sporn and Liby [9] noted that the principal need in the chemoprevention of cancer remains the discovery of new agents that are effective and safe, and the development of new dose-scheduling paradigms that will allow their beneficial use over relatively long periods of time, but not necessarily constantly, in a manner that is essentially free of undesirable side effects. It has been reported [10] that human cancers overexpressing genes are specific to a variety of normal human tissues, including normal tissues other than those from which the cancer originated, suggesting that this general property of cancer cells plays a major role in determining the behavior of the cancers, including their metastatic potential. Surh [11] observed that the disruption or deregulation of intracellular-signaling cascades often leads to malignant transformation of cells, and it is therefore important to identify the molecules in the signaling network that can be affected by individual chemopreventive phytochemicals to allow for better assessment of their underlying molecular mechanisms. Conney [12] suggested that tailoring the chemopreventive regimen to the individual or to groups of individuals living under different environmental conditions, or with different mechanisms of carcinogenesis, may be an important aspect of cancer chemoprevention in human populations. Given the inability to guarantee the long-term safety of current chemopreventive regimens, Sporn [9] suggested two approaches: the more widespread use of lowdose combinations of chemopreventive agents with the goal of achieving a therapeutic synergy between individual drugs while reducing their individual toxicities, or the use of intermittent, rather than constant, chronic dosing of chemopreventive agents.
In the current review, we will attempt to shed light on redox-mediated signaling translating into gene expression and in vivo pharmacological events. We will explore dietary cancer-chemopreventive phytochemicals, discuss the link between oxidative/electrophilic stress and the redox circuitry, and consider a brief overview of redox-sensitive transcription factors. We will then discuss the kelch-like erythroid Cap'n'Collar (CNC) homologue-associated protein 1 (Keap1)-nuclear factor-E2-related factor 2 (Nrf2) axis in redox signaling, an important target for preventive and possibly therapeutic intervention in many types of cancers. We will also discuss the Nrf2 paradigm in gene expression, transcriptome profiling of disparate gene categories, and the pharmacotoxicogenomic relevance of redox-sensitive Nrf2. Finally, we will discuss the redox regulation of cell death mechanisms.
Natural dietary anti-cancer chemopreventive compounds
Because carcinogenesis comprises three different stages: initiation, promotion, and progression, many potential cancer-protective (chemopreventive) agents can be categorized broadly as blocking agents (which impede the initiation stage) or suppressing agents (which arrest or reverse the promotion and progression of cancer), presumably by affecting or perturbing crucial factors that control cell proliferation, differentiation, senescence, or apoptosis [2, 13] . Dietary chemopreventive compounds functioning as detoxifying enzyme inducers primarily include phenolic and sulfur-containing compounds. Phenolic compounds may be classified into polyphenols and flavonoids, whereas sulfur-containing compounds may be classified into isothiocyanates and organosulfur compounds [1] . Representative examples of polyphenols include epigallocatechin-3-gallate (EGCG) from green tea, curcumin from turmeric, and resveratrol from grapes; whereas flavonoids are exemplified by quercetin from citrus fruits and genistein from soy. Isothiocyanates include, amongst others, sulforaphane (SFN) from broccoli, phenethyl isothiocyanate (PEITC) from turnips and watercress, and allyl isothiocyanate from brussels sprout. Organosulfur compounds chiefly include diallyl sulfides from garlic oil. Dietary isothiocyanates are derived in vivo from the hydrolysis of glucosinolates present in cruciferous vegetables.
Our laboratory has worked extensively towards understanding the molecular mechanisms in vitro and determining the chemopreventive efficacy in vivo of polyphenols (eg EGCG and curcumin), and isothiocyanates (eg SFN and PEITC), and combinations of these phytochemicals to elicit maximum efficacy in cancer cells/tumorigenic tissue with minimum toxicity to normal cells. It is indeed quite puzzling as to how these compounds can differentiate between "normal" versus "abnormal tumor" cells in terms of signaling, gene expression, and pharmacological effects. We have shown [14] that EGCG treatment in human colon HT-29 cancer cells causes damage to mitochondria, and that c-Jun N-terminal kinase (JNK) mediates EGCG-induced apoptotic cell death. Similarly, it was shown [15] that PEITC can induce apoptosis in HT-29 cells in a time-and dose-dependent manner via the mitochondrial caspase cascade, and that the "activation" of JNK appears to be critical for the initiation of the apoptotic processes. On the other hand, EGCG, curcumin, SFN, and PEITC appear to "inhibit" (instead of activate) lipopolysaccharide (LPS)-induced NF-κB activation in the same cell type, HT-29 cells, stably transfected with an NF-κB luciferase reporter construct [16] . In addition, the mechanism of action of SFN was recently [17] attributed to the inhibition of p38 mitogen-activated protein kinase (MAPK) isoforms which contributed to the induction of antioxidant response element (ARE)-mediated heme oxygenase-1 (HO-1) gene expression in human hepatoma HepG2 cells. Extracellular signal-regulated protein kinase (ERK) and JNK pathways were activated [18] by PEITC treatment in human prostate cancer PC-3 cells. Interestingly, a combination of PEITC and curcumin was found to have an additive effect [19] on the induction of apoptosis in PC-3 cells stably transfected with an NF-κB luciferase reporter construct and involved an inhibition of epidermal growth factor receptor (EGFR), its downstream signaling including PI3K and Akt. In vivo, PEITC and curcumin alone or in combination exhibited significant cancer-preventive activities in NCr immunodeficient (nu/nu) mice bearing subcutaneous xenografts of PC-3 cells [20] . It is tempting to speculate that "abnormal tumor" cells such as PC-3 and HT-29 cells require the overexpressed or hyperactivated NF-κB and/or EGFR for cell survival/proliferation, whereas "normal" cells do not require these signaling molecules to do so. The blockade of NF-κB and/or EGFR signaling by these compounds would sensitize tumor cells to die, but not the normal cells (but, instead, in normal cells these compounds will redox-dependently affect the Nrf2-mediated cellular detoxifying/antioxidant defense enzymes, which will be discussed in greater detail later on), and hence the potential specificities between "abnormal tumor" versus "normal" cells. Recently, we [3] and others [21] showed that SFN inhibited adenoma formation in the gastrointestinal tract of genetically mutant ApcMin/+ mice, and that the concentrations of SFN and its metabolite SFN-glutathione (GSH) were found to be between 3 and 30 nmol/g (~3-30 µmol/L), which resembled that of the in vitro cell culture systems [22] . Interestingly, under such conditions, using immunohistochemical staining of the adenomas indicated that SFN significantly suppressed the expression of phosphorylated-JNK, phosphorylated-ERK and phosphorylated-Akt, which were found to be highly expressed in the adenomas of ApcMin/+ mice versus normal mucosa [3] . When the acute effect of SFN on the gene expression profiles was investigated in the small intestine polyps of the SFN-treated Apc+/Min mice by using Affymetrix microarray platforms, the results showed that genes involved in apoptosis, cell growth, and maintenance, rather than phase II detoxifying genes, were modulated in the polyps of the SFN-treated Apc/Min+ mice. Some of the pro-apoptotic genes such as MBD4 and serine/threonine kinase 17b, TNF receptor superfamily member 7 and TNF (ligand) superfamily member 11 were upregulated, while some pro-survival genes such as cyclin-D2, integrin β1, and Wnt 9A were significantly downregulated in adenomas treated with SFN. Importantly, two important genes involved in colorectal carcinogenesis, arachidonate 15-lipoxygenase (15-LOX) and COX-2 were found to be increased and decreased respectively by SFN [3] . Most recently, we found that in the colon of the Nrf2 -/-mice challenged with the classical inflammatory agent dextran sodium sulfate, the inflammatory proteins such as COX-2 and iNOS were overexpressed with a concomitant decreased expression of cellular antioxidant enzymes such as HO-1 and NQO1 [23] . These results imply that the induction of antioxidant enzymes by dietary cancer chemopreventive compounds can potentially counteract the oxidative/inflammatory signaling pathways as observed by Dinkova-Kostova et al [24] .
Redox-mediated signaling
Oxidative stress and redox circuitry Although oxidants are constantly generated for essential biologic functions, excess generation or an imbalance between oxidants and antioxidants can produce a common pathophysiological condition known as oxidative stress [25] . Mediators of oxidative stress, that is, ROS, also function as second messengers in signal transduction. In the light of this knowledge, oxidative stress has been remarkably defined as perturbations in redox circuitry [6] . Indeed, proteins present on cell surfaces and located in extracellular fluids undergo oxidation in diverse pathophysiological conditions, and a growing body of evidence suggests that the steady-state oxidation is responsive to diet [25] . Interestingly, redox compartmentation functions as a mechanism for specificity in redox signaling and oxidative stress, with the relative redox states [6] from most reducing to most oxidizing being mitochondria>nuclei>cytoplasm>endo-plasmic reticulum>extracellular space. Hansen et al [6] noted that a circuitry model for redox signaling and control has been developed based on the observations that three major thiol/disulfide couples, namely glutathione (GSH)/glutathione disulfide (GSSG), reduced thioredoxin [Trx-(SH)2]/oxidized thioredoxin (Trx-SS), and cysteine (Cys)/cystine (CySS) are not in redox equilibrium and therefore can function as control nodes for many different redox-sensitive processes. In this model, redox switches and pathways exist in parallel circuits, with electron flow from NADPH as a central electron donor to ROS and O 2 as electron acceptors.
Given the involvement of ROS and RNS in a multiplicity of physiological responses through the modulation of signaling pathways, studies on reactive oxygen and nitrogen species (RONS) signaling have received considerable attention in recent times. Forman [5] noted primarily that: (i) antioxidant enzymes are essential "turn-off" components in signaling; (ii) spatial relationships are probably more important in RONS signaling than the overall "redox state" of the cell; and (iii) deprotonation of the cysteine to form the thiolate, which can react with RONS, occurs in specific protein sites providing specificity in signaling. The bacterial transcription factor OxyR [8] mediates the cellular response to both ROS and RNS by controlling the expression of the OxyR regulon, which encodes proteins involved in the H 2 O 2 metabolism and the cytoplasmic thiol redox response. In budding yeast, the transcription factor Yap1 (yeast AP1), which is a basic leucine zipper (bZip) transcription factor, confers the cellular response to redox stress by controlling the expression of the regulon that encodes most yeast antioxidant proteins [8] . Interestingly, Georgiou [26] noted that in both bacteria and yeast, the redox control networks exemplified by OxyR and Yap1, respectively, exhibit conserved dynamic features, namely autoregulation (which in yeast is accomplished via the reduction of Yap1 by thioredoxin) and hysteresis. Indeed, the question of whether these features are intrinsic properties of the regulatory architecture required for proper adaptation to redox stress remains to be resolved. Jacob [27] observed that disulfide-S-oxides are formed from glutathione under oxidizing conditions and specifically modulate the redox status of thiols, indicating the existence of specialized cellular oxidative pathways. This supports the paradigm of oxidative signal transduction and provides a general pathway whereby ROS can convert thiols into disulfides.
Redox-sensitive transcription factors Many transcription factors are redox-sensitive, including activator protein-1 (AP-1), NF-κB, Nrf2, p53, and the glucocorticoid receptor [6] . Such sensitivity involves at least 2 redox-sensitive steps, one in the activation of the signaling cascade and another in DNA binding, and possibly additional redox-sensitive nuclear processes such as nuclear import and export [6] . Nuclear and cytoplasmic redox couples perform distinct functions during redox-sensitive transcription factor regulation.
AP-1 is responsive to low levels of oxidants resulting in AP-1/DNA binding and an increase in gene expression. AP-1 activation is due to the induction of JNK activity by oxidants resulting in the phosphorylation of serine 63 and serine 73 in the c-Jun transactivation domain [7, 28, 29] . With high concentrations of oxidants, AP-1 is inhibited and gene expression is impeded. The inhibition of AP-1/DNA interactions is attributed to the oxidation of specific cysteine residues in c-Jun's DNA binding region, namely cysteine 252 [7, 30] . Xanthoudakis and Curran [31] reported that a DNA repair enzyme apurinic/apyrimidinic endonuclease (APE), also termed redox factor-1 (Ref-1), possessed oxidoreductase activity and was responsible for the redox regulation of AP-1. Oxidized AP-1 could be effectively reduced by Ref-1, restoring DNA binding activity. Trx1 was shown to be a critical player in AP-1 regulation by virtue of its ability to reduce oxidized Ref-1 [32] . Thus, for AP-1, a nuclear pathway to reduce the Cys of the DNA-binding domain is distinct [6] from the upstream redox events that activate the signaling kinase pathway.
Similarly, NF-κB contains a redox-sensitive critical cysteine residue (cysteine 62) in the p50 subunit that is involved in DNA binding [7, 33] . NF-κB is normally sequestered in the cytoplasm by IκB, but under oxidative conditions, IκB is phosphorylated by IκB kinase (IKK), ubiquitinated, and subsequently degraded. ROS production appears to be necessary to initiate the events leading to the dissociation of the NF-κB/IκB complex [6] , but excessive ROS production (oxidative stress) results in the oxidation of cysteine 62 which does not affect its translocation to the nucleus, but rather, interferes with DNA binding and decreases gene expression [7, 34] . Overexpression of Trx1 inhibited NF-κB activity, but overexpression of nuclear-targeted Trx1 enhanced NF-κB activity [35] . These findings suggested [6] that Trx1 plays distinct roles within the cytoplasm (regulation of activation and dissociation of IκB), and within the nucleus (regulation of DNA binding).
Pivotal to the antioxidant response [36] [37] [38] [39] typical in mammalian homeostasis and oxidative stress is the important transcription factor Nrf2 that has been extensively studied by many research groups [1, [36] [37] [38] [39] [40] [41] [42] [43] . Nrf2 is indispensable to cellular defense against many chemical insults of endogenous and exogenous origin, which play major roles in the etiopathogenesis of many cancers and inflammation-related diseases such as inflammatory bowel disease [23] and Parkinson's disease [44] . The role of Nrf2 as a critical redox-sensitive transcription factor will be discussed in greater detail in the following section devoted to redox signaling with specific emphasis on the Keap1-Nrf2 axis.
Keap1-Nrf2 axis in redox signaling Under homeostatic conditions, Nrf2 is mainly sequestered in the cytoplasm by a cytoskeleton-binding protein called Keap1 [40, 45, 46] . Zhang and Hannink [47] have identified 2 critical cysteine residues in Keap1, namely C273 and C288, that are required for Keap1-dependent ubiquitination of Nrf2 as shown in Figure 1 . They have also identified [47] a third cysteine residue in Keap1, namely C151, that is uniquely required for the inhibition of Keap1-dependent degradation of Nrf2 (Figure 1 ) by sulforaphane and oxidative stress. It has also been shown [48] that Keap1 is a redox-regulated substrate adaptor protein for a Cul3-dependent ubiquitin ligase complex that controls steadystate levels of Nrf2 in response to cancer-preventive compounds and oxidative stress. Moreover, it has been reported [49] that Keap1 regulates the oxidation-sensitive shuttling of Nrf2 into and out of the nucleus via an active Crm1/ exportin-dependent nuclear export mechanism. When challenged with oxidative stress, Nrf2 is quickly released from Keap1 retention and translocates to the nucleus [40, 50] . We have recently identified [40] [51] . Once in the nucleus, Nrf2 not only binds to the specific consensus cis-element called ARE present in the promoter region of many cytoprotective genes [43, 46] , but also to other trans-acting factors such as small Maf (MafG and MafK) [52] that can coordinately regulate gene transcription with Nrf2. We have also reported [41] that different segments of the Nrf2 transactivation domain have different transactivation potential and that different MAPK have differential effects on Nrf2 transcriptional activity with ERK and JNK pathways playing an unequivocal role in the positive regulation of Nrf2 transactivation domain activity [41] . To better understand the biological basis of signaling through Nrf2, it has also become imperative to identify possible interacting partners of Nrf2 such as coactivators or co-repressors apart from trans-acting factors such as small Maf [52, 53] . A salient feature of the canonical redox-insensitive Nrf2-NES (NES zip , 537 LKKQLSTLYL 546 ) alluded to earlier, is its overlap with the ZIP domain. This overlap implies that when Nrf2 forms heterodimers via its ZIP with other bZIP proteins, such as its obligatory binding partner small MafG/K proteins, the NES motif may be simultaneously masked [40] . Further, we observed [40] that Nrf2 heterodimerization via ZIP with MafG/K may not only enhance the DNA binding specificity of Nrf2, but may also effectively recruit Nrf2 into the nucleus by simultaneously masking the NES activity. Accumulating evidence shows that after fulfilling its transactivation function, Nrf2 is destined for proteasomal degradation in the cytoplasm, although some weak degradation activity may also exist within the nucleus. Hence, Nrf2 signaling may be turned on and off rapidly to match the rapid changes of the cellular redox status [40] . Interestingly, a bipartite nuclear localization signal (bNLS, ) have been identified [54] in the C terminus of Nrf2, further underscoring the importance of nuclear import and export in controlling the subcellular localization of Nrf2.
Unlike the NES zip , the new functional redox-sensitive NES located in the transactivation (TA) domain of Nrf2 (NES TA ,   173   LLSIPELQCLNI   186 ) possesses a reactive cysteine residue (C183) [51] and exhibits a dose-dependent nuclear translocation when treated with sulforaphane [51] . The NES TA motif functions as a redox-sensitive switch that can be turned on/ off by oxidative signals and determines the subcellular localization of Nrf2 [51] . These discoveries suggest that Nrf2 may be able to transduce redox signals in a Keap-1-independent manner; however, Keap1 may provide additional regulation of Nrf2 both in basal and inducible conditions.
Li et al [51] have recently proposed a new model for Nrf2 redox signaling. As depicted in Figure 1 , the Nrf2 molecule possesses multivalent NES/NLS motifs, and their relative driving forces are represented by the size and direction of the arrows. Under unstimulated conditions (to the left of Figure 1 ), the combined nuclear-exporting forces of NES TA [51] and NES zip [51] may counteract the nuclear importing force of the bNLS [54] . As a result, Nrf2 exhibits a predominantly whole cell distribution. While the majority of Nrf2 molecules remain in the cytoplasm, the residual nuclear Nrf2 may account for the basal or constitutive Nrf2 activities. The observation of a small percentage of cells exhibiting nuclear and cytosolic distribution of Nrf2 may reflect the hyper-and hypo-oxidative condition of individual cells, respectively. [47] and C288 [47] ), are required for Keap1-dependent ubiquitination of Nrf2. A third cysteine residue in Keap1 (C151 [47] ), is uniquely required for inhibition of Keap1-dependent degradation of Nrf2. The Nrf2 molecule possesses multivalent NES/NLS motifs (dotted lines from Nrf2 molecule diverge to encompass the dissected individual motifs), and their relative driving forces are represented by the size and direction of the arrows. Under unstimulated conditions (to the left of Figure 1 ), the combined nuclear exporting forces of NES TA [51] and NES zi p [51] may counteract the nuclear importing force of the bNLS [54] . As a result, Nrf2 exhibits a predominantly whole cell distribution [51] . While the majority of the Nrf2 molecules remain in the cytoplasm, the residual nuclear Nrf2 may account for the basal or constitutive Nrf2 activities. When challenged with oxidative stress (to the right of Figure 1 ), the redox-sensitive NES TA is disabled but the redox-insensitive NES zip remains functional [40, 51] and the bNLS motif may remain functionally uninterrupted [51, 55] . Since the driving force of the NES zip is weaker than that of the bipartite bNLS, the nuclear importing force mediated by the bNLS prevails and triggers Nrf2 nuclear translocation as shown [51] .
When challenged with oxidative stress (to the right of Figure 1) , the redox-sensitive NES TA is disabled, but the redoxinsensitive NES zip remains functional [40, 51] , and the bNLS motif may remain functionally uninterrupted [51, 55] . Since the driving force of the NES zip is weaker than that of the bipartite bNLS, the nuclear importing force mediated by the bNLS prevails and triggers Nrf2 nuclear translocation [51] as shown in Figure 1 .
Gene expression and in vivo pharmacological effects
Nrf2 paradigm in gene expression Nrf2 knockout mice are greatly predisposed to chemical-induced DNA damage and exhibit higher susceptibility towards cancer development in several models of chemical carcinogenesis [43] . Observations that Nrf2-deficient mice are refractory to the protective actions of some chemopreventive agents [43] highlight the importance of the Keap1-Nrf2-ARE signaling pathway as a molecular target for prevention. Hence, several studies have focused on using these Nrf2-deficient mice for pharmacogenomic or toxicogenomic profiling of the transcriptome in response to dietary chemopreventive agents [53, [56] [57] [58] [59] and toxicants [60] . Transcriptome profiling of putative Nrf2 co-activators and co-repressors In recent times, there has been renewed interest in dissecting the interacting partners of Nrf2, such as co-activators and co-repressors, which are co-regulated with Nrf2 to better understand the biochemistry of Nrf2. In a recent microarray study [56] with Nrf2 knockout mice, it was reported that the CREB-binding protein (CBP) was upregulated in mice liver on treatment with EGCG in an Nrf2-dependent manner. Katoh et al [61] showed that 2 domains of Nrf2 (Neh4 and Neh5) cooperatively bind CBP and synergistically activate transcription. It was also demonstrated [41] previously, using a Gal4-Luc reporter co-transfection assay system in HepG2 cells, that the nuclear transcriptional coactivator CBP, which can bind to the Nrf2 transactivation domain and can be activated by the ERK cascade, showed synergistic stimulation with Raf on the transactivation activities of both the chimera Gal4-Nrf2 (1-370) and the fulllength Nrf2. In a recent microarray study with butylated hydroxyanisole (BHA) treatment in Nrf2 knockout mice [53] , we observed the upregulation of the trans-acting factor v-maf musculoaponeurotic fibrosarcoma oncogene family protein G avian (MafG), nuclear receptor co-repressor 1 (Ncor1) and nuclear receptor co-repressor interacting protein (Nrip1) as well as the downregulation of the nuclear receptor co-activator 3 (Ncoa3) in an Nrf2-dependent manner.
Similarly, in another transcriptome profiling study in Nrf2 knockout mice with the endoplasmic reticulum (ER) stress inducer tunicamycin [60] , that modulates the unfolded protein response (UPR), we observed the upregulation of the P300/ CBP-associated factor (P/CAF), trans-acting factor v-maf musculoaponeurotic fibrosarcoma oncogene family, protein F (MafF), nuclear receptor co-activator 5 (Ncoa5), Smad nuclear interacting protein (Snip1) and Nrip1 as well as downregulation of the src family associated phosphoprotein 2 (Scap2) in an Nrf2-dependent manner. Although microarray expression profiling cannot provide evidence of binding between partners, this could potentially suggest [53] that co-repressors Ncor1 and Nrip1 and co-activator Ncoa3, such as CBP in the previous studies, may serve as putative BHA-regulated nuclear interacting partners of Nrf2 in eliciting the cancer chemopreventive effects of BHA, and that co-repressor Nrip1 and co-activators P/CAF and Ncoa5 may serve as putative tunicamycin-regulated nuclear interacting partners of Nrf2 in eliciting the UPR-responsive events [60] in vivo. Furthermore, the induction of Nrip1 was observed in both the small intestine and liver with BHA suggesting that the Nrf2/ARE pathway may play an important role in BHAelicited regulation of this gene. It has also been shown recently [62] that the co-activator P/CAF could transcriptionally activate a chimeric Gal4-Nrf2-luciferase system containing the Nrf2 transactivation domain in HepG2 cells. In addition, P/CAF, which is known [63] to be a histoneacetyl transferase protein, has recently been shown [64] to mediate DNA damage-dependent acetylation on most promoters of genes involved in the DNA-damage and ER-stress response, which validates the observation [60] of P/CAF induction via Nrf2 in response to tunicamycin-induced ER stress.
Taken together, it is tempting to speculate that dietary chemopreventive agents such as BHA and EGCG, and toxicants such as tunicamycin, may elicit their chemopreventive and pharmacological/toxicological events through the ARE by means of a multi-molecular complex [53, 60] of co-activators and co-repressors that function in concert with the redoxsensitive transcription factor Nrf2 as depicted in Figure 2 . The putative multi-molecular complex may involve Nrf2 along with the transcriptional co-repressors Ncor1 and Nrip1, and the transcriptional co-activators Ncoa3, Ncoa5, P/CAF, and CBP, in addition to the currently known trans-acting factors such as MafG [52] , with multiple interactions between the members of the putative complex as has been shown recently with the p160 family of proteins [62] . As shown in Figure 2 , chemical signals generated by dietary chemopreventive agents or toxicants may cause Nrf2 nuclear translocation that sets in motion a dynamic machinery of co-activators and co-repressors that may form a multi-molecular complex with Nrf2 to modulate transcriptional response through the ARE. Further studies of a biochemical nature would be needed to substantiate this hypothesis and extend our current understanding of Nrf2 regulation in chemoprevention with BHA or EGCG and in tunicamycin-mediated ER stress.
Coordinated regulation of phase I, II, and III drug metabolizing enzyme/transporter genes via Nrf2 Dietary chemopreventives such as BHA, EGCG, and curcumin could coordinately regulate the phase I, II, and III xenobiotic metabolizing enzyme genes as well as antioxidative stress genes through Nrf2-dependent pathways in vivo [53, 56, 57] . Interestingly, a coordinated response involving phase I, II, and III genes was also observed in vivo on ER stress induction with the toxicant tunicamycin in an Nrf2-dependent manner [60] . The array of genes coordinately [53] modulated included phase I drug metabolizing enzymes, phase II detoxification and antioxidant genes, and phase III transporter genes. The regulation of these genes could have significant effects on the prevention of tumor initiation by enhancing the cellular defense system, preventing the activation of procarcinogens/ reactive intermediates, and increasing the excretion/efflux of Figure 2 . Nrf2 paradigm in gene expression: proposed model for a multi-molecular co-activator-co-repressor complex that elicits transcriptional events through the ARE. Chemical signals generated by dietary chemopreventive agents or toxicants may cau se Nrf2 nu clear translocation that sets in motion a dynamic machinery of co-activators and co-repressors [53, 60] that may form a multi-molecular complex with Nrf2 to modulate transcriptional response through the ARE. The putative multi-molecular complex may involve the transcriptional corepressors Ncor1 [53] and Nrip1 [53, 60] , and the transcriptional co-activators Ncoa3 [53] , Ncoa5 [60] , P/CAF [60] , CBP [56] , and MafG [53] , with multiple interactions between the members of the putative complex that function in concert with the redox-sensitive transcription factor Nrf2 to elicit the chemopreventive and pharmacological/toxicological events through the ARE.
reactive carcinogens or metabolites [53, 57] . Indeed, the induction of phase II enzymes itself achieves protection against the toxic and neoplastic effects of many carcinogens. In addition to enzymes (that conjugate to functionalized xenobiotics) such as glutathione S-transferases and UDPglucuronosyltransferases, a provisional and partial list of phase II genes might include [65] NAD(P)H:quinone reductase, epoxide hydrolase, dihydrodiol dehydrogenase, gammaglutamylcysteine synthetase, heme oxygenase-1, leukotriene B4 dehydrogenase, aflatoxin B1 dehydrogenase, and ferritin. The major phase II genes modulated via Nrf2 by BHA, EGCG, curcumin, sulforaphane, PEITC, and tunicamycin are summarized in Table 1 .
Spatial and temporal control of Nrf2-mediated gene expression It has been observed that the regulation of Nrf2-mediated gene expression takes place at both spatial and temporal levels in in vivo whole animals. For example, the dietary chemopreventive BHA did not modulate the transcription of NAD(P)H:quinine oxidoreductase (NQO1) at 3 h; however, NQO1 was induced by BHA at 12 h [53] . The relatively delayed induction of the NQO1 gene compared with the other phase II genes in response to BHA points to the possibility of differential kinetics of BHA-regulated phase II gene response with temporal or time-dependent specificity. However, many other genes were modulated differentially at 3 h in response to BHA between the small intestine and liver [53] indicating certain spatial or tissue/compartment-dependent control of gene expression. Similar phenomena were also observed in microarray studies with EGCG [56] , curcumin [57] , SFN [58] , and PEITC [59] . This could be attributed to a complex of physiological factors including partitioning across the gastrointestinal tract, intestinal transit time, uptake into the hepatobiliary circulation, exposure parameters such as C max , T max and, AUC, and the pharmacokinetics of disposition after oral administration [53] . Other potential complicating factors could be the possibility of the differential tissue/organdependent expression of endogenous Keap1 and Nrf2 in conjunction with other tissue-specific/general nuclear co-regulators and co-repressors [41, 62, 66] which could dynamically shift the equilibrium locally in favor of or against Nrf2-mediated transcription of different ARE-driven genes.
Pharmacotoxicogenomic relevance of redox-sensitive Nrf2 Recently, it was reported [67] that Nrf1, another member of the CNC family of basic ZIP proteins that is structurally similar to Nrf2, is normally targeted to the ER membrane, and that ER stress induced by tunicamycin in vitro may play a role in modulating Nrf1 function as a transcriptional activator. As a protein-folding compartment, the ER is exquisitely sensitive to alterations in homeostasis, and provides stringent quality control systems to ensure that only correctly folded proteins transit to the Golgi and unfolded or misfolded proteins are retained and ultimately degraded. A number of biochemical and physiological stimuli, including perturbation in redox status, can disrupt ER homeostasis and impose stress to the ER, subsequently leading to accumulation of unfolded or misfolded proteins in the ER lumen [68] . The ER has evolved highly specific signaling pathways called the UPR to cope with the accumulation of unfolded or misfolded proteins [68, 69] . ER stress stimulus by thapsigargin has also been shown [70] to activate the c-JNK or stress-activated protein kinase that is a member of the MAPK cascade [71] . Moreover, it has been reported that the coupling of ER stress to JNK activation involves the transmembrane protein kinase IRE1 by binding to an adaptor protein TRAF2, and that IRE1α -/-fibroblasts were impaired in JNK activation by ER stress [72] . It has been previously reported that PEITC, contained in large amounts in cruciferous vegetables such as watercress, activates JNK1 [73] , and that the activation of the ARE by PEITC involves both Nrf2 and JNK1 [42] in HeLa cells. It has also been demonstrated that ERK and JNK pathways play an unequivocal role in the positive regulation of Nrf2 transactivation domain activity in vitro in HepG2 cells. Although there is growing interest amongst researchers in targeting the UPR against cancerous tumor growth [74] , there is currently little understanding of the role of Nrf2 in modulating the UPR in vivo. Interestingly, in a Nrf2-deficient murine model [60] , glutathione peroxidase 3 (Gpx3) is upregulated and superoxide dismutase 1 (Sod1) is downregulated by tunica-mycin in an Nrf2-deficient manner, which can have important implications in oxidative stress-mediated [22] pathophy-siology or ER stress caused by perturbations in redox circuitry [22, 68, 75] . The identification of novel molecular targets that are regulated by the toxicant tunicamycin via Nrf2 in vivo raises possibilities for targeting the UPR proteins in future to augment or suppress the ER stress response and modulate disease progression. Future toxicogenomic/ toxicokinetic studies may provide new biological insights into the diverse cellular and physiological processes that may be regulated by the UPR signaling pathways in cancer pharmacology and toxicology and the role (s) of Nrf2 in these processes.
Redox regulation of cellular signaling molecules leading to cell death mechanisms It has been demonstrated [76] that the redox regulation of platelet-derived growth factor receptor (PDGFr) tyrosine autophosphorylation and its signaling are related to NADPH oxidase activity through protein kinase C (PKC) and phosphoinositide-3-kinase (PI3K) activation and H 2 O 2 production. Cheng and Liu [77] reported that lead (Pb) increased LPS-induced liver damage in rats by modulation of TNF-alpha and oxidative stress through PKC and p42/44 MAPK. Recently, it was shown [78] that Rac upregulated the tissue inhibitor of metalloproteinase-1 expression by redox-dependent activation of ERK signaling. It has been reported [79] that cancer chemoprevention by the nitroxide antioxidant tempol acts partially via the p53 tumor suppressor.
Trachootham et al [80] have recently demonstrated a selective killing of oncogenically transformed cells by PEITC via a ROS-mediated mechanism. Oncogenic transformation of ovarian epithelial cells with H-Ras(V12) or expression of Bcr-Abl in hematopoietic cells caused elevated ROS generation and rendered the malignant cells highly sensitive to PEITC, which effectively disabled the glutathione antioxidant system and caused severe ROS accumulation preferentially in the transformed cells due to their active ROS output resulting in oxidative mitochondrial damage, inactivation of redox-sensitive molecules, and massive cell death [80] . Xu et al [81] demonstrated an inhibition by SFN and PEITC on NF-κB transcriptional activation as well as downregulation of NF-κB-regulated VEGF, cyclin D1, and Bcl-X(L) gene expression primarily through the inhibition of IKK-beta phosphorylation, and the inhibition of IκB-alpha phosphorylation and degradation, and decrease of nuclear translocation of p65 in human prostate cancer PC-3 cells. Furthermore, in the same PC-3 cells, PEITC and curcumin substantially inhibited EGFR, PI3K as well as Akt activation/phosphorylation, and the combination of PEITC and curcumin was more effective in the inhibition [19] . These inhibitions can also be recapitulated in vivo in PC-3 transplanted athymic nude mice [20] . Shen and Pervaiz [82] have noted a role for redoxdependent execution in TNF receptor superfamily-induced cell death. Moreover, oxidation of the intracellular environment of hepatocytes by ROS or redox-modulating agents has been recently shown [83] to sensitize hepatocytes to TNFinduced apoptosis that seems to occur only in a certain redox range (in which redox changes can inhibit NF-κB activity, but not completely inhibit caspase activity) by interfering with NF-κB signaling pathways. Nitric oxide has been reported [84] to induce thioredoxin-1 nuclear translocation that may be associated with the p21Ras survival pathway. Also, the p53-independent G1 cell cycle arrest of HT-29 human colon carcinoma cells by SFN was shown [85] to be associated with the induction of p21 CIP1 and the inhibition of expression of cyclin D1. A small dose (10 µmol/L) of hydrogen peroxide has been shown [86] to enhance TNF-alphainduced cell apoptosis, upregulate Bax, and downregulate Bcl-2 expression in the human vascular endothelial cell line ECV304.
Recently, a new functional class of redox-reactive thalidomide analogs with distinct and selective antileukemic activity has been identified [87] . These agents activate the NF of activated T-cells transcriptional pathways while simultaneously repressing NF-κB via a rapid intracellular amplification of ROS that is associated with caspaseindependent cell death [87] . This cytotoxicity is highly selective for transformed lymphoid cells and preferentially targets cells in the S-phase of the cell cycle [87] . Capsaicin has been shown [88] to selectively induce apoptosis in mitogenactivated or transformed T cells with rapid increase of ROS; however, neither production of ROS nor apoptosis is detected in capsaicin-treated resting T cells suggesting differential signaling between activated/transformed T cells versus resting T cells. As noted elsewhere, a combination of PEITC and curcumin has been reported [19] to suppress EGFR phosphorylation as well as the phosphorylation of IκB-alpha and Akt. Furthermore, Kim et al [22] reported that SFN at low concentrations showed strong induction of phase II genes that could potentially protect cells from cytotoxic effects; however, at high concentrations (above 50 µmol/L), SFN induced cell death with activation of caspase 3 and JNK1/2, which could be blocked by exogenous glutathione. The extent of SFN-induced cellular stress may thus decide the direction of signaling between cell survival and cell death [22] . The formation of mixed disulfides with GSH, which is known as S-glutathionylation, is a post-translational modification that is emerging as an important mode of redox signaling [89] . Indeed, redox-reactive compounds provide a new tool through which selective cellular properties of redox status and intracellular bioactivation of potential redoxsensitive molecular targets can be leveraged by rational combinatorial therapeutic strategies and appropriate drug design to exploit cell-specific vulnerabilities for maximum drug efficacy [87] . Modulation of apoptosis and cell-cycle control genes via Nrf2 Several genes related to apoptosis and cell-cycle control that are critical in the etiopathogenesis of many cancers have been shown [53, [56] [57] [58] [59] [60] to be regulated through Nrf2 in response to several dietary chemopreventive agents and toxicants, far too many to be discussed here, at least in normal murine tissues. The reader is referred to references [53, [56] [57] [58] [59] [60] for a comprehensive list of these genes. Future studies would ascertain whether Nrf2 would be required for the regulation of these apoptosis and cell-cycle control genes in tumor tissues/cells.
Conclusions
In summary, electrophilic stress and oxidative stress, or perturbations in redox circuitry can have a profound influence on the direction of signaling between cell survival and cell death. The potential involvement of cellular redox-sensitive transcription factors can modulate gene expression events and pharmacotoxicologic responses in diseases like cancer, thus providing new molecular targets for preventive or therapeutic intervention. Controlled nutritional studies in future may specifically utilize extracellular redox measurements to explore mechanistic links between diet, health status, and diseases [25] . Taken together, redox-mediated signaling is an important mechanism for the cancer chemopreventive effects elicited by dietary anticancer chemopreventive compounds. Future studies will likely provide additional insights into the intricacies of the redox paradigm in signal transduction pathways with respect to the etiopathogenesis of cancer and its potential for chemopreventive intervention.
